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Charge polarization effects on the optical response of blue-emitting superlattices
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In the new approach to study the optical response of periodic structures, successfully applied
to study the optical properties of blue-emitting InGaN/GaN superlattices, the spontaneous charge
polarization was neglected. To search the effect of this quantum confined Stark phenomenon we
study the optical response, assuming parabolic band edge modulations in the conduction and va-
lence bands. We discuss the consequences on the eigenfunction symmetries and the ensuing optical
transition selection rules. Using the new approach in the WKB approximation of the finite periodic
systems theory, we determine the energy eigenvalues, their corresponding eigenfunctions and the
subband structures in the conduction and valence bands. We calculate the photoluminescence as a
function of the charge localization strength, and compare with the experimental result. We show
that for subbands close to the barrier edge the optical response and the surface states are sensitive
to charge polarization strength.
PACS numbers: 03.65.Ge, 42.50.-p, 42.50.Ct, 42.62.Fi, 68.65.Ac, 73.20.-r, 78.30.Fs, 78.55.-m, 78.66.Fd,
78.67.Pt, 85.60.-q
I. INTRODUCTION
Recently, a new approach based on the theory of finite
periodic systems, with explicit calculations of the emit-
ter energy eigenvalues and eigenfunctions, was proposed
to calculate the optical response of periodic structures[1–
3]. One of the examples, extensively discussed in these
references, has been the high-resolution optical spectra
of blue emitting InGaN superlatices (SLs), widely stud-
ied by Nakamura et al.[4] Excellent agreement with the
experimental results was found assuming sectionally con-
stant periodic potentials at the conduction and valence
band edges. It is well known, however, that due to charge
polarization at the superlattice layers’ interfaces, the po-
tential profiles, in the conduction and valence band edges,
become parabolic[5, 6], as shown in figure 1, where the
index l = c, v, stands for conduction and valence band.
In Ref. 7, the effects of charge polarization on the
transmission probabilities and the resonant band struc-
ture of open InxGa(1 − x)N/InyGa(1 − y)N SLs, were
studied and one of the results obtained there was that,
for energies just above the barrier, the subbands become
highly asymmetric. On the other hand, the successful
theoretically calculations in Refs. 2 and 3, for the blue
emitting samples, implied precisely transitions between
subbands that are close to the barrier edges. It is then
worth asking whether the charge polarization effect has
or not any consequence on the theoretical results. To this
purpose, we consider here specifically the parabolic mod-
ulation of the conduction and valence band-edges and
calculate the optical response for the same sample stud-
ied in Refs. 2 and 3.
In section II we outline the model in the WKB approxi-
mation and discuss, briefly, the effects of charge polariza-
tion on the eigenfunction symmetries and on the selection
rules. In section III we calculate the energy eigenvalues
structure for the blue emitting SLs and the correspond-
ing optical response, and compare with the experimental
and the theoretical calculation in the absence of charge
polarization. We end up with some conclusions.
II. THE MODEL
For the calculation of the optical response we use the
well known golden rule
χPL=
∑
ν,ν′,µ,µ′
feh
∣∣∣∫ dz[ϕvµ′,ν′(z)]∗ ∂∂zϕcµ,ν(z)
∣∣∣2
(~ω − Ecµ,ν − Eg + E
v
µ′,ν′ + EB)
2 + Γ2
.
(1)
Here ω is the emitted photon frequency, Γ the level
broadening energy, Eg the gap energy, E
c
µ,ν and E
v
µ′,ν′
are the energy eigenvalues in the conduction (c) and va-
lence (v) bands, measured from the band-edges; µ and
µ′ denote the subband indices and ν and ν′ the intra-
subband energy levels. ϕcµ,ν(z) and ϕ
v
µ,ν(z) the corre-
sponding eigenfunctions and feh the occupation prob-
ability. EB is the exciton binding energy. All these
quantities are explicitly and rigorously calculated within
the effective mass approximation and the theory of fi-
nite periodic systems. Analytic and general formulas
were derived and amply discussed in Ref. 8. For the
quasibound SLs considered here, with potential pro-
files as in figure 1, corresponding to potential functions
V ld(z) = −adl(z−z0)
2+cdl and V
l
u(z) = aul(z−z0)
2+cul,
in the valley and barrier of the conduction (l=c) and va-
lence (l=v) bands, respectively, we use Eqs. (18) and
(21-23) of Ref. 8, written in the WKB approximation.
This means that quantities like kz, qz, ka and qb must be
replaced by (to simplify the notation we drop the band
index l)
Kz =
1
~
∫ z
zr
dz
√
2m∗
(
E + ad(z − z0)2 − cd
)
, (2)
2





	
a b
FIG. 1. Parabolic modulations of the potential profile and potential parameters at the conduction (l=c) and valence (l=v)
bands of blue-emitting InGaN superlattices, with spontaneous charge polarization at the valley-barrier interfaces.
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FIG. 2. Charge polarization effect on eigenfunctions. The eigenfunctions ϕv2,1, ϕ
v
2,6, and ϕ
v
2,8, in the second subband of the
valence band of the blue emitting (InxGa1−xN/InyGa1−yN)
nInxGa1−xN superlattice bounded by AlGaN clading layers,
with (left) and without (right) charge polarization, n = 10, x = 0.2 and y = 0.05.
Qz =
1
~
∫ z
zr
dz
√
2m∗
(
au(z − z1)2 + cu − E
)
, (3)
Ka =
1
~
∫ a
0
dz
√
2m∗
(
E + ad(z − z0)2 − cd)
)
=
a
~
√
m∗
2cd
(√
cdE + (E − cd) tan
−1
√
cd
E
)
(4)
and
Qb =
1
~
∫ b
0
dz
√
2m∗
(
au(z − z1)2 + cu − E)
)
=
1
~
√
m∗
au
(
b
√
au(aub2 + 4cu − 4E) +
4(cu − E) tanh
−1
[ aub√
au(aub2 + 4cu − 4E)
])
, (5)
respectively, with zr, z0 and z1 reference points, properly
chosen.
II.1. Charge polarization effects on symmetries and
selection rules
Since the SL global spatial symmetry does not change
because of the local parabolic modulation, it is clear that
the eigenfunction parity symmetries, summarized in Ref.
1 as
Ψµ,ν(z)=
{
(−1)ν+1Ψµ,ν(−z) for n odd
(−1)ν+µΨµ,ν(−z) for n even,
(6)
remain unchanged. This is apparent in figure 2, where
some eigenfunctions for the superlattice with parabolic
modulation (left) are plotted together with the eigen-
functions for the superlattice with sectionally constant
(right) potential profile. Consequently, the symmetry se-
lection rules, that rely on the eigenfunction symmetries,
remain the same as proposed in Ref. 2.
At variance with the eigenfunctions behavior, the en-
ergy eigenvalues and the surface states are sensitive to
the strength of the charge polarization, represented in
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FIG. 3. Holes’ transmission coefficients in open superlattices for two values of the parameter cuv. In a) cuv =3meV and
cuv =2meV in b).
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FIG. 4. The eigenvalues function fe(E) in the valence band for two values of cuv. In a) cuv =3meV and cuv =2meV in b). In
b), around 0.115eV, the function fe(E) crosses the energy axes, implying the existence of two surface energy levels. In this case
E2,10=0.1153773eV and E2,11=0.1153777eV. Notice also the asymmetry in the subbands density of states.
our model by the heights (cdc and cdv ) and depths (cuc
and cuv) of the parabolic modulations. In general, the
conduction band edge modulation pushes up the energy
eigenvalues. In some cases this effect may have no other
consequence than a shift of the optical spectra, but in
others we can have important changes in the energy-level
structure. To gain an insight into this effect, we plot in
figure 3 the resonant hole’s transmission coefficients, for
two values of the parameter cuv. In a), we considered
cuv =3meV while in b) cuv =2meV. The other parameters
were exactly the same for a) and b). It is well-known that
the resonant bands, of open SLs, provide good informa-
tion on the position of the eigenvalues bands of bounded
SLs. As mentioned before the optical transitions that ac-
count for the observed spectra correspond to those from
the first subband in the conduction band, with energies of
the order of 0.13eV (for a barrier height V c0 ∼ 0.24eV), to
the second subband of the valence band (VB), with bar-
rier height V v0 ∼ 0.12eV, and energy eigenvalues spread
out around 0.11eV. Notice that this subband (the sec-
ond of the VB) appears in figure 3 just below the barrier
edge, while four resonances appear for energies within
the parabolic confining potential. Notice also that the
subbands in a) are slightly wider than in b).
Since the change in the parameter cu is small, it is
convenient to see the effect on the band structure through
the eigenvalues equation
fe(E) = ℜe[αnle
ikla]−
k2l − q
2
wl
2klqwl
ℑm[αnle
ikla]
−
k2l + q
2
wl
2klqwl
ℑm[βnl] = 0. (7)
Where αnl and βnl are the elements (1,1) and (1,2) of
the SL transfer matrix M lSL, and kl and qwl the wave
numbers
kl =
√
2m∗lE
~2
and qwl =
√
2m∗l (V
l
w − E)
~2
, (8)
at the wells and cladding layers of the conduction (l=c)
and valence (l=v) b positions ands. It is clear that plot-
ting fe(E) we can easily visualize the energy eigenvalues
distribution. It is well known that for bounded superlat-
tice with n unit cells, each subband contains n+1 energy
levels.[10] Two of them correspond to surface states and
detach from the remaining n-1. When the cladding-layer
barriers are both of the same height the surface states
are practically degenerate. In figure 4 we plot the eigen-
values function in the VB for cuv =3meV, in a), and for
4Ec
Eg
-Ev
0
cuv
a) b)
µ = 1
µ’ = 1
µ’ = 2
CB
VB
two surface
energy levels
V0c
E
n
er
g
y
[e
V
]
FIG. 5. The subbands in the conduction and the valence bands for two values of cuv. In a) cuv =3meV and in b) cuv =2meV.
This small change has a large effect on the energy levels structure close to the valence band barrier edge. The most important
is the presence of the surface energy levels in b), that are absent in a).
cuv =2meV, in b). Notice that in b) the function fe(E),
around 0.115eV, approaches and touches the energy axes.
This behavior, implies the existence of additional energy
levels. In this case the surface states, that are absent in
a).
In figure 5, we plot the subbands in the conduction
and the valence bands. The subband for µ′=2, in the
VB, is slightly amplified to visualize the effect. Besides
the subbands with and without surface-energy levels, we
see also the new energy levels in the confining and shallow
parabolas at the barrier edge, both in 5a) and 5b).
In the next section we will see the consequences of the
presence or absence of the surface states on the optical
spectra.
III. THE OPTICAL RESPONSES
We shall now present the charge polarization ef-
fect on the optical spectra of the blue emit-
ting (InxGa1−xN/InyGa1−yN)
nInxGa1−xN superlat-
tice bounded by AlGaN layers, for n = 10, x = 0.2
and y = 0.05. The photoluminescence spectra shown in
the lower panels of figures 6a) and 6b) were calculated
using the golden rule in Eq. (1). The energy eigenvalues
and eigenfunctions were obtained from the theory of fi-
nite periodic systems in Ref. 8 and the symmetries and
ensuing selection rules from Refs. 8 and 2. The optical re-
sponses were calculated for the two values of cu discussed
in section II. The spectrum in 6a) is for cuv =3meV and
the spectrum in 6b) for cuv =2meV. In the upper part
of these figures we show also the experimental result in
Refs. 4 and 9. It is clear from this figures that a bet-
ter agreement is found when cuv =2meV. For slightly
larger value of the parameter cuv, that corresponds to a
stronger charge polarization strength, we miss the sur-
face energy levels responsible for the optical transitions
at λ ∼417.7nm. As explained amply in Refs. 2 and 3,
the resonances in the lower panel of 6a) appear in two
groups because of the detachment of the surface states,
as indicated with arrows in 5a). The transition from the
surface state in the CB to the surface state in the VB
appears in 6b) as an isolated peak.
To plot the PL spectra in figure 6 we considered fixed
values for Eg and EB, such that Eg − EB= 2.716eV;
the unit-cell length lc= 7.3nm and Γ=0.00025eV. The
predicted peak separations are of the order of 0.15meV
equivalent to ∼0.2nm in full agreement with the ex-
perimental results. This separation corresponds with
the intrasubband energy eigenvalues separation, as was
glimpsed in Ref. 9, after showing that the observed
peak separations can “ NOT (be attributed) to simple
Fabry-Perot modes”, see page 268 of Ref. 9. The experi-
mental measurements were obtained with a resolution of
0.016nm.
To conclude this letter, it is worth stressing that the
charge polarization corrections discussed here may, in
some cases, be necessary to perform in order to account
for particular optical spectra features. Our calculations
confirm also the relevance of the new theoretical ap-
proach to study the optical response of periodic struc-
tures. The high accuracy of the theoretical model makes
it a powerful and simple approach to design laser devices
for different purposes, including laser devices of interest
in health applications.
IV. CONCLUSIONS
We have shown here that the parabolic modula-
tion of the valley and barrier band edges, in the
conduction and valence bands, have no effect on the
eigenfunction symmetries and the selection rules. We
have shown with explicit calculations for the blue-
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FIG. 6. The photoluminescence of the blue emitting (InxGa1−xN/InyGa1−yN)
nInxGa1−xN superlattice. In the upper panel
the experimental results. In the lower panels the theoretical calculations for two values of cuv. In a) cuv =3meV and in b)
cuv =2meV. We have a better agreement in b) than in a). The experimental spectrum is reproduced with permission from
[Appl. Phys. Lett. 68, 3269 (1996)]. Copyright [1996], AIP Publishing LLC.
emitting (InxGa1−xN/InyGa1−yN)
nInxGa1−xN su-
perlattice bounded by AlGaN layers, that the charge
polarization strength may have effects on the energy-
eigenvalues structure close to the barrier edge. A the-
oretical calculation, as the one presented here, can not
only account for the observed high resolution spectra, it
can also provide an insight into the spontaneous charge
polarization strength.
[1] Pereyra P., “Theory of finite periodic systems: The eigen-
functions symmetries,” Ann. Phys. 378,264 (2017).
[2] Pereyra P., “Improved optical transitions theory for su-
perlattices and periodic systems; new selection rules”,
arxiv condmatt 1607.02686.
[3] Pereyra P., “New approach to study light-emission of pe-
riodic structures. Unveiling novel surface-states effects”,
arXiv condmatt 1612.09002.
[4] Nakamura S., SenohM., Nagahama S., Iwasa N., Yamada
Ta., Matsushita T., “Characteristics of InGaN multi-
quantum-well-structure laser diodes”, App. Phys. Lett.
38, 3269-3271 (1996).
[5] Kozodoy P., Hansen M., Denbaars S. P., and Mishra U.
K.,“Enhanced Mg doping efficiency in Al0.2Ga0.8N/GaN
superlattices” Appl. Phys. Lett. 74, 3681 (1999).
[6] Nomura M.,Arakawa Y., Shimura T. and Kuroda K.,
“Optical Control of Transmittance by Photo-Induced
Absorption Effect in InGaN/GaN Structures”,Jp. J. of
Appl. Phys. 44, 72387243, (2005).
[7] Assaoui F. and Pereyra P., “Charge polarization effects
and hole spectra characteristics in AlxGa1−xN\GaN su-
perlattices”, J. Appl. Phys. 91, 5163-5169 (2002).
[8] Pereyra P., “Eigenvalues, eigenfunctions, and surface
states in finite periodic systems,” Ann. Phys. 320, 1-20
(2005).
[9] Nakamura S., Pearton S. and Fasol G., The Blue Laser
Diode. The complete history (Springer-Verlag, Berlin Hei-
delberg 1997 ). See pages 247, 268.
[10] Pereyra P. and Castillo E., “Theory of finite periodic
systems: General expressions and various simple and il-
lustrative examples”, Phys. Rev. B 65, 205120-26 (2002).
